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Causes, kinetics and clinical implications of post.hemodialysis urea
rebound. The rapid increase in end-dialysis urea concentration (Co)
immediately after the end of dialysis (HD), which greatly exceeds that
expected as an effect of urea generation and defined as "net rebound,"
was assessed in 21 chronic HD patients. The curve of serial values of
net rebound correlated (r = 0.70) with the theoretical curve predicted
by the two pool urea kinetics model (UKM). A mean equilibrium
concentration (Ce) was achieved in 48 minutes, with a 7.58% increase in
Co. Stabilized rebound (Re) was compared after four different HD
procedures, and significant correlations were found between the mag-
nitude of Re and the indexes of HD efficiency, dialyzer clearance (r =
0,75) and Kt/V (r = 0.68). The highest values of Re (8.6% and 8.8%)
were observed after the procedures with largest urea removal, irrespec-
tive of the biocompatibility conditions (new or reused dialyzers). The
single pool UKM applied with the stabilized end-HD urea concentration
Ce instead of Co resulted in more physiological values of urea distri-
bution volume (56.1% vs. 50.5% of body wt) and in lower values of Kt/
V (0.64 vs. 0.73, P < 0.001) and protein catabolic rate (1.07 vs. 1.17 g/
kg/day, P < 0.001). A reequilibration process, rather than protein
hypercatabolism, seems to be responsible for most rebound, the mag-
nitude of which correlated with the efficiency of the procedure. Only by
considering Ce as the true end-HD urea concentration is it possible to
minimize the errors arising from the application of a single pool analysis
to a two pool system.
Due to the multiple pool nature of the human body and the
mass transfer resistance of the biological membranes, rapid
removal of solutes from plasma during hemodialysis (HD)
creates intercompartmental imbalances, followed immediately
after dialysis by an accelerated increase of the solute plasma
concentration (rebound) as an expression of interpool reequili-
bration [1—5]. Delayed mass transfer is more important for less
diffusible solutes (that is, creatinine, uric acid, middle mole-
cules), whose kinetics is well represented only by two or
multiple pooi models [1, 2, 5]. Conversely, the single pool urea
kinetics model (UKM) assumes that urea equilibrates instanta-
neously during dialysis throughout its distribution volume (Vu)
conceived as a well mixed pool corresponding to the total body
water (TBW) [6—10]. Delayed mass transfer and post-HD urea
rebound are considered negligible and thus not to affect the
reliability of the model in clinical practice [8, 11, 12]. UKM
permits the individual Vu and urea generation rate (Gu) to be
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estimated from known patient and dialyzer parameters and, on
this basis, the time course of urea changes resulting from the
amount of dialysis prescribed can be predicted [7, 11, 13, 14].
Therefore, especially with the increasing use of short, high
efficiency HD requiring reliable indexes to ensure an adequate
treatment, urea kinetics modeling has acquired a widely recog-
nized importance.
However, in the last few years there has been growing
criticism of the use of a single pool model for urea. Its clinical
application resulted in unphysiologically realistic values of urea
generation rate [4] and distribution volume [15, 16]. In a study
in uremic dogs Vu calculated with the single pool UKM was
16% smaller than the TBW measured with 14C urea, and a
rebound of 13% was observed [17]. Rebound of up to 10% has
been described after routine hemodialysis [18], and values of
6% and 11% have been found after hemofiltration with an
ultrafiltration rate of 100 and 200 ml/min, respectively, leading
the authors to question the theoretical validity of the single pool
UKM [15].
On the other hand, a more recent report [19] rejected the
above criticism on the basis of studies relating rebound to the
protein hypercatabolism [20, 21] triggered in the complex
picture of patient membrane/dialysate interactions [22], proba-
bly by the stimulated production of interleukin 1 [23, 24]. In
view of the controversy surrounding the causes and implica-
tions of urea rebound, the aim of this study was to clarify its
nature: 1) by verifying its adherence to the theoretical model
predicting its kinetics; and 2) by investigating its incidence in
dialysis conditions differing in mass removal of urea and bio-
compatibility. Moreover, in order to assess the suitability of the
single pool model for urea, we examined the error introduced
by ignoring rebound when calculating the single pool parame-
ters Vu, Gu, protein catabolic rate (pcr), "urea index" Kt/V,
and mid-week urea (MWU). Finally, we evaluated the influence
of this error on the dialytic prescription based on the single pool
UKM.
Methods
This study was performed on 21 stable uremic patients (15
males and 6 females) aged 45.4 13.6 years, who were treated
by chronic hemodialysis for 3.1 1.2 years. Residual renal
function (Kr) was negligible (mean urea clearance 0.31 ml/min).
All dialysis sessions during the study were performed with 1 to
1.3 square meter, hollow-fiber cuprophane dialyzers. Blood
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flow was 250 to 300 mllmin, dialysate flow 350 mI/mm. The
ultrafiltration rate was set according to the clinical requirement,
and acetate was used as a buffer.
Body weight and plasma urea concentration at the beginning
(Ci) and end (Co) of each dialysis session were monitored for at
least three sessions. Urea concentration was estimated with
enzymatic colorimetnc method and values expressed as mgldl
of plasma water.
Serial measurements of urea concentration, C(t), were also
obtained at t = 5, 10, 20, 30, 40, 50 and 60 minutes after the end
of each session. Blood was drawn from the arm not used for
vascular access.
The mean of at least three measurements at each time t was
used in calculations.
The model
In order to investigate intercompartmental transfer and post-
HD urea rebound, a variation of the classical two pool (intra-
extracellular) kinetic model [25] was derived in which urea was
considered to be generated homogeneously in each unit of body
water at a constant rate. This assumption was based on the fact
that solute generation is extremely small compared with the
magnitude of the transcellular transfer coefficient for urea (X),
and thus the intercompartmental imbalance created by the
newly generated urea is instantaneously annulled by diffusion.
That is, urea can be considered to be generated in intracellular,
extracellular or both compartments without invalidating the
theoretical formulation of the two pool model [5].
According to the assumptions and the procedure detailed in
the Appendix, the equations predicting the time course of urea
concentration changes in the interdialytic interval were derived
from the general equations of the two poo1 model. Concentra-
tion changes were expressed in terms of percentage versus the
end-HD value Co.
Calculations. The following parameters were calculated from
the observed urea concentrations:
"Overall rebound". It represents the percentage increase in
plasma urea concentration at each time t after HD, that is, C(t)
versus the end-HD value Co:
overall R(t) = [C(t) — Co]/Co x 100
Urea generation rate. This was estimated from the rise in
plasma concentration between treatments, taking the initial
concentration one hour after the end of HD (C 1 hr) to prevent
rebound from affecting the estimate of Gu:
Gu = [(Vu + b tid) Ci —Vu C1 hT]/tid
where: b = rate of change in TBW (ml/min), estimated from
changes in body weight; tid = length of the interdialytic interval
(mm); and Ci = next pre-HD urea concentration (mg/mI).
Vu was assumed to be 58% of the body weight (as in the two
pool model). Mean residual renal function was extremely re-
duced and thus ignored in the calculations. Again Gu was
considered to take place homogeneously in each unit of body
water at a constant rate. Assuming the same rate of urea
generation also in the first hour after HD, Gu accounts for an
increase in urea concentration at each time t, denoted as Cg(t),
calculated by rearranging the above equation:
Cg(t) = [Gu t + Vu Co]/[Vu + b t]
Cg(t) expressed in terms of percentage of increase versus Co is
denoted by Rg(t).
"Net rebound." At each time t was defined as the difference
between overall R(t) and the percentage increase in concentra-
tion due only to the amount of urea generated, that is, Rg(t). In
other words, net R(t) represents the increase in urea concen-
tration exceeding that expected as an effect of the constant rate
of urea generation and is the result of either: 1) a simple
reequilibration process; or 2) accelerated catabolism stimulated
by the dialysis procedure.
Fitting the model
In the special case when Gu = 0 and Kr = 0 the following
equation predicts the magnitude of rebound at each time t as the
result of reequilibration of urea from the second pool entering
the blood, according to a concentration gradient created during
dialysis:
R(t) = Re 1 — EXP( Vu
V1V2
where: R(t), Re = net rebound at time t and stabilized rebound,
respectively. X = mass transfer coefficient for urea (mi/mm).
Vu = Urea distribution volume (ml), equal to 58% of the dry
body weight. Vl ,V2 = extracellular and intracellular volume,
respectively. Vl = 0.4 Vu, V2 = 0.6 Vu [26, 27].
Therefore, in order to assess the validity of the hypothesis
that reequilibration causes rebound, the above model equation
was fitted to the observed values of net R(t) by means of the
least squares technique and iterative computed calculation of X
and Re. The fitted equation allowed the magnitude of rebound
in our patients at each time t to be predicted according to a two
pool kinetic model. Adherence of the experimental data to the
model was evaluated by estimating the coefficient of correlation
r with exponential regression analysis [28].
Multi-comparison study of rebound
In the second part of the study, in order to verify if rebound
could be explained by increased protein catabolism induced by
dialysis, the magnitude of the phenomenon was assessed in
different conditions of biocompatibility and dialysis efficiency.
Thirteen of the 21 patients gave further consent and were
randomly submitted to four different procedures: standard
dialysis (S-HD) and low-efficiency HD (LE-HD) with new
dialyzers and blood flow of 300 and 100 mI/mm, respectively,
dialysis with reused filters (REUSE-HD) and blood flow of 300
mllmin, and isolated ultrafiltration (UF) with new dialyzers.
Only Cuprophane dialyzers were used, in sessions all lasting
three hours. The percentage drop of the total white blood cells
(WBC; Coulter counter) and neutrophils (N; manual count) 15
minutes after the beginning of dialysis was taken as the index of
biocompatibiity [29—34]. Rebound was monitored for two hours
after the end of each procedure and stabilized rebound (Re) was
estimated as in the previous part of the study, this time using
the value of the mass transfer coefficient X calculated in our
patients (735.5 mI/mm).
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Fig. 1. Observed rebound curves. Values at each time t are the mean
SEM in 21 patients. Curve A: Overall rebound, i.e.: [C(t) — CO]/Co x
100. Curve B: Percentage increase in urea concentration expected only
as an effect of the amount of urea generated at a constant rate from time
zero to each time t (Rg(t)). Curve C: Resulting net rebound, i.e. overall
rebound — Rg(t).
Mass removal of urea was measured from the whole dialysate
collected during each session and used to calculate the mean
dialyzer clearance according to the formula:
Kd = [Vd Cd ln (CiICo)]/[td (Ci — Co)] [35]
where: Vd = dialysate volume (ml); Cd = ureaconcentration in
the dialysate (mg/mi); and td = length of the dialysis session
(mm).
Application of UKM
The third part of the study was aimed at assessing the error
introduced by ignoring rebound when calculating the single pool
parameters and prescribing dialysis. The single pool, variable-
volume urea kinetics model [8] was first applied to the dialysis
procedure using the observed values of pre- and post-HD urea
concentration, time intervals, body weight changes, dialyzer
clearance, and residual renal clearance in order to estimate the
Vu, Gu and pcr of each patient. The Vu and Gu thus determined
were then used to obtain the time course of urea changes during
the week in steady state for each patient, and to calculate Kt/V.
The procedure was then repeated using the equilibrated end-
HD urea concentration (Ce), that is, Co increased by the
individual Re, instead of Co as in the first application.
Data analysis
Data from 10 out of 13 patients were available for statistical
analysis, which was performed with one-way analysis of vari-
ance (ANOVA) to compare the group means. One-by-one
comparison of the groups was done with the Bonferroni ad-
justed t-test for paired data [36]. The level of significance
considered was 0.05 divided by the number of t-tests, that is, (P
<0.008. Correlations were obtained by linear regression anal-
ysis.
Time after HO, minutes
Fig. 2. Fitted curve of net rebound (Gu = 0). with 95% confidence
interval. The black square represents the point at which 99% of the
rebound is reached (at about 48 minutes after the end of dialysis). The
black points are the mean values of net rebound at each time t in 21
patients. Stabilized rebound (Re) = 7.58 (%). Intracellular to extracel-
lular mass transfer coefficient for urea (X) = 735.5 mI/mm. Vu = 32
liters (mean value); VI, V2 = 40% and 60% of Vu [26].
Results
Study of rebound
Figure 1 shows the observed rebound curves. Values at each
time t represent the mean SEM in 21 patients. The top graph
shows the overall rebound, the bottom graph the rebound
expected only as an effect of the urea generated in the interval
between the end of dialysis and each time t [Rg(t)], and the
middle graph the net rebound calculated as specified above
[overall R(t) — Rg(t)],
The experimental curve of net R(t) correlated (r =0.702, P <
0.001) with the exponential curve of rebound predicted by our
modified, two pool model when Gu = 0. The regression curve
(Fig. 2) tends to a horizontal asymptote at y = 7.58, that is, the
rebound value at which reequilibration is completed (Re at time
= cc). A simple calculation showed that rebound was almost
stabilized (99%) 48 minutes after the end of dialysis, and thus
the rebound value at this time can be assumed as stabilized
rebound (Re) for practical purposes. The mean value of the
mass transfer coefficient for urea X found in our patients (735.5
mI/mm) was close to those reported in the literature [2—5]. The
X value varied within a strict range (698 to 758 ml/min) when
different Vl/V2 ratios were assumed (between 30/70 and 45/55
in percent of body water).
When urea generation was taken into account the same
relation (r = 0.72, P < 0.001) was found between the observed
overall rebound values and those predicted by the model
equation [6a] in the Appendix. The urea kinetics of two com-
partments in this case is shown in Figure 3A, while in Figure 3B
post-HD urea changes were simulated with a computer program
in the same experimental conditions according to the two pool
model, assuming urea generation is extracellular [9]. In both
cases, irrespective of the site of solute generation, the curve
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Fig. 3. A. Kinetics of urea according to the two-pool model equations
([6a] and [6b], Appendix). Curve A: plasma concentration, curve B:
cellular concentration. Urea is assumed to be uniformly generated in
each unit of body water at a constant rate. The observed values of
overall rebound correlated with those predicted by the model (r = 0.72,
P < 0.001, N = 168). B. Kinetics of urea according to the two pool
model assuming urea generation is extracellular. The curves were
obtained in the same experimental conditions by solving explicitly
equations [Ia] and [lb] (Appendix) [8].
was initially exponential. Then, when most rebound was
achieved about 45 minutes after the end of dialysis, it assumed
a linear trend with a slope very close to that of Gu, represented
by the asymptote intercepting the y axis again at y 7.58. In
other words, at this time rebound was almost stabilized and
urea generation was the main factor determining the subsequent
increase in urea concentration.
Randomized study
ultrafiltration, with which the absence of diffusive transport
resulted in minimal urea removal. The 82% drop in neutrophil
count 15 minutes after the start of HD indicated the occurrence
B of a patient-membrane interaction. On the contrary, high simi-
A lar values of Re (8.6% and 8.8%) were found after the proce-
dures (S-HD and REUSE-HD) during which comparatively
larger amounts of urea were removed, irrespective both of the
use of new or reprocessed dialyzers and of the highly significant
difference in the percentage neutrophil drop (P < 0.001). Low
efficiency HD was followed by lower rebound (4.7%) and
marked by the maximum neutrophil drop observed (83%).
Linear regression analysis (Fig. 4) confirmed the expected good
correlation between Kd and Re (r = 0.75, P < 0.001) and
between Kt/V and Re (r = 0.68, P < 0.001). On the contrary no
Application of the single pooi UKM
Applying the single pool UMK to the three HD procedures of
the multi-comparison study, we determined the urea distribu-
tion volume in each patient as the mean of three values. Vu
calculated by using the observed end-HD urea concentration
(Co) was significantly lower than Vu calculated with the equil-
ibrated concentration Ce (50.5% of the mean body weight vs.
56.1%, P < 0.001). This last value was much closer to the mean
values reported in the literature [26, 271 normalized for sex, age
and lean body mass (Fig. 5). Moreover, it was not significantly
different (adjusted t-test) from the Vu values obtained by
solution of the two pool model equations [8] (57.4% of body
weight, P = NS). The estimates of Gu were not affected by Re.
As for the nutritional and prescriptive parameters (Table 2), the
results of determinations with UKM when rebound was taken
60 into account were significantly lower compared with those
obtained when Re was ignored (per = 1.07 vs. 1.17 glkg/day, P
<0.001; Kt/V = 0.64 vs. 0.73, P <0.001), whereas mid-week
urea concentration values were not significantly different.
Discussion
The theoretical formulation of an equation describing post-
dialysis urea rebound according to a two pool kinetic model
allowed us to evaluate the rapid, self-limiting increase in
post-dialysis urea concentration, which greatly exceeds that
expected as an effect of the amount of urea generated, and
which we have termed "net rebound". In our patients the
kinetics of this increase had a similar shape to that of the
kinetics predicted by the two pool model when the absence of
urea generation was assumed. This was demonstrated by the
significant correlation found between the mean serial net re-
bound values obtained in 21 patients and those predicted by the
model. A similar relation between observed and predicted
rebound values was found also when urea generation was taken
into account (Fig. 4A). This observation could explain rebound
as a process of reequilibration of the intereompartmental im-
balance created by delayed mass transfer of urea during dialy-
However, a surprisingly similar kinetics could occur also if
the recently proposed alternative explanation of rebound [19,
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Significant differences (F = 38) were found in the magnitude sis.
of the mean stabilized net rebound among the four procedures
compared (Table 1). Re was negligible (1.9%) after isolated
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Table 1. Stabilized net rebound after four different dialysis procedures
Group
Re
%
Kd
mi/mm Kt/V
Urea rem.
mg/mm/liter
WBC N
% drop
1 5 HD 8.6 39a.c 142 l6c 0.84 0.16 5.8 la,c 65 16" 77 16b
2 LE HD 47 26e 84 l0d, 0.51 44 1d,e 67 9" 83 7"
3 REUSE 8.8 3A 139 l4 0.83 o.i8 6.2 16 i3 15 i2
4 Is. UF 1.9 2 15 4 0.08 0.03 0.8 0.4 55 19 82 21
F test 38 267 173 98 54 64
Groups are: 1) Standard HD; 2) Low-efficiency HD; 3) HD with reused filters; 4) Isolated ultrafiltration.
All values are the mean SD of 10 patients.
Level of significance considered for one-by-one group comparison: P < 0.008 (adj. t-test)
agrouplvS2 dgroup2vs.3b group I vs. 3 group 2 vs. 4
c group 1 vs. 4 group 3 vs. 4
Kd, mi/rn/n Kt/V
Fig. 4. Relation between dialyzer clearance (Kd) (A) and Kt/V (B) and correspondent stabilized rebound (Re) after the 4 procedures were
compared: isolated ultrafiltration (*), low-efficiency HD (x), standard HD (•) and HD with reused filters (0).
23, 241 is true, namely that it is an effect of protein hypercatab-
olism caused by a poor patient-membrane/dialysate biocompat-
ibility through interleukin 1 induction. This theory is attractive
since it provides a comprehensive explanation of various dis-
tressing events in the course of dialysis, including symptomatic
hypotension [24].
However, controversies still exist about the contribution of
different membranes, dialysate endotoxins, blood lines mate-
rial, and additive and sterilizing agents (ETO), as well as about
the exact mechanism that determines the clinical and biochem-
ical findings referred to as incompatibility [34]. Also the ability
of interleukin 1 to release muscle-cell lysosomal proteases
through PGE2 stimulation is not universally recognized [37].
Indeed, few studies have provided evidence of accelerated
protein catabolism after dialysis [21, 22], and its relation to
post-HD urea rebound has only been speculated, but not
directly proved, even in studies showing more marked rises in
urea concentration on dialysis days than on non-dialysis days
[20]. Our analysis was purposely restricted to the period imme-
diately following dialysis when most rebound occurs and stabi-
lizes [1, 3, 20]. In this period it is possible that an increase in
protein catabolism could have made transfer resistance seem
more important than it actually was. However, the correlation
between observed and predicted rebound values indicated that,
in the same period, factors other than re-equilibration were of
less importance in the occurrence of the phenomenon, even if,
later in the interdialytic interval, protein hypercatabolism could
play a major role in affecting urea generation rates.
The multi-comparison study showed that the incidence and
magnitude of rebound correlated significantly with the effi-
ciency of the tested procedure (dialyzer clearance and Kt/V
index), irrespective of the occurrence of patient-membrane!
dialysate interactions, monitored by calculating the percentage
drop in total white blood cells and neutrophils 15 minutes after
the beginning of dialysis.
Dialyzer clearance calculated with direct quantification of the
amount of urea removed was lower than the values obtained
with the usual methods [8]. A mean difference of 16% was found
Re = 0.47 + .058 (± 0.008) Kd
t(b) = 6.92 N = 40
r = 0.75 p < 0.001
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Fig. 5. Vu resulting from the application of the single pool UKM with
the measured end-HD urea concentration (SP) and the stabilized
concentration (SP + Re), and from solution of the two-pool model
equations (TP). All values are the mean SD of 30 determinations in 10
patients. The line (*) indicates the mean values reported in the literature
normalized for sex, age and lean body mass.
in preliminary mass balance measurements, which showed a
more satisfactory adherence of the chosen method to the
individual performances. Its advantages in kinetic modeling are
illustrated elsewhere [35].
The single-pool urea kinetics model was applied for our
patients during each procedure, first, as recommended [8],
using the observed end-dialysis urea concentration Co. The
calculations were then repeated, assuming the stabilized con-
centration Ce as the true end-dialysis urea concentration of the
body water. How rebound can affect the results of the single
pool UKM was demonstrated by the unphysiologically low
values of urea distribution volume obtained in the first applica-
tion, in agreement with reported observations [15—17]. These
values were significantly lower than those obtained with the
stabilized concentration in the second application (mean differ-
ence = 11%), and than those reported in the literature [26, 27].
These results confirmed that the observed end-dialysis values
were not the equilibrated urea concentrations of the body water
and thus, once again, supported the view that rebound is the
consequence of intradialytic, delayed urea transfer from a
poorly-cleared second pool to blood.
Regarding dialysis efficiency monitoring, nutritional counsel-
ing and therapy prescription, the failure to determine equili-
brated urea rather than urea immediately after dialysis did not
affect the mid-week urea concentration values, but resulted in
an overestimation of the actual protein catabolic rate and KtJV.
The differences in pcr and Kt/V were mostly accounted for by
the lower estimate of the urea distribution volume when re-
bound was ignored in calculations. Therefore, the validity of
Kt/V as a quantitative index of therapy [38] is not questioned.
However, its overestimation, resulting from the application of
the single pool kinetic model without considering rebound, can
be misleading in some clinical situations.
In conclusion, our results support the hypothesis that re-
bound is mainly the result of reequilibration of the intercom-
partmental imbalance created by retarded diffusion of urea from
a poorly-cleared second pooi during dialysis. Dialysis-induced
protein hypercatabolism seems to play a minor role. The two
pool nature of urea kinetics affects determinations of urea
(*) distribution volume with the single pooi model. The magnitude
of the error is directly related to the efficiency of the procedure.
When applying the single-pool kinetic model to urea it is
advisable to consider the equilibrated concentration as the true
end-dialysis urea concentration, considering that most rebound
is achieved within about 45 minutes from the end of dialysis.
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Appendix
In the two-pool urea kinetics model the rate of change of urea
concentration in the two compartments, that is, d/dt C1(t),
C2(t), in the interdialytic interval and in the absence of residual
renal function, is defined by the general differential equations:
Vl d Cl(t) = Gi — X [C1(t) — C2(t)] [Ia]dt
V2 d C2(t) = G2 + X [C1(t) — C2(t)] [lb]dt
The following assumptions are usually made:
a) The urea distribution volume (Vu), approximated to the
total body water [9], is divided into two homogeneous and
constant compartments: Vl (extracellular) and V2 (intracel-
lular). The V1/V2 ratio is assumed to be ¾, that is, Vi = 0.4 Vu,
and V2 = 0.6 Vu [26, 27].
b) The intercompartmental transfer of urea is linear, in
accordance with the mass transfer coefficient for urea X.
c) The distribution coefficients between the intracellular and
extracellular pool and between red cells and plasma are equal to
1, so that they may be ignored in pool calculations [39].
d) The urea generation rate (Gu) is constant. Generation,
commonly represented as an intracellular (01 = 0) or extracel-
lular phenomenon (02 = 0), was considered in our variation of
the model to occur homogeneously in each unit of body water at
a constant rate (that is, 01 = 02).
In the hypothetical case of absence of solute generation in the
system, the following statement of urea mass balance is valid
for 0 <t te:
Vi C1(t) + V2 C2(t) = Vu Ce [2]
where Ce denotes urea concentration in the two pool at
equilibrium reached at time te after the end of dialyis (t 0).
70
1—p<0.001 —
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Table 2. Single pooi UKM applied with the measured (Co) and stabilized (Ce) end-dialysis urea concentration
Gu
mg/mm
pcr
g/kg/day
MWU
mg/dl Kt/V
With Co 11.9 3.6 1.17 0.29 92.6 25.5 0.73 0.21
With Ce 11.9 3.8 1.07 0.27 92.1 27.4 0.64 0.20
P value NS <0.001 NS <0.00!
All values are the mean SD of 30 determinations in 10 patients.
Combining equation [La] (in the case of G1 = 0) and equation
[2] solved for C2(t) and rearranged, the following equation was
obtained:
C1(t)X Vu +.C1(t)— Vu Ce=0V1V2 dt VIV2
The above differential equation is in the form of:
a y + .- y + c = 0, and can be solved for:
Ci(t) y — c [1/a + z EXP (— a t)], to yield:
C1(t) = Ce — (Ce — Co) EXP — x VuVi V2
where Co denotes the end-HD plasma urea concentration.
If Rl(t) = Ci(t) — Co 100 and Re = Ce — Co 100 [4a,4b]
Co Co
combining equations [3], [4a] and [4b], rearranging and simpli-
fying, yields:
Rl(t) = Re 1 — EXP — x Vu
Vi V2
In accordance with the above assumptions model equation
[5a] predicts the percentage increase in plasma urea concentra-
tion (rebound) at any time t from the end of dialysis (t =0, R =
0) until the point of equilibrium (t = e, R = Re), according to a
two pool model in the absence of residual renal function. Since
no generation of solute takes place in the system, equation [5a]
predicts rises in urea concentration expected simply as a result
of re-equilibration of urea from the second pool entering the
blood according to a concentration gradient created by dialysis.
Using a similar procedure the following "rebound equation"
for the intracellular compartment may be derived:
R2(t) = Re 1+ EXP x Vu
V2 k ViV2
Gu, assumed constant and uniform in each unit of body
water, is responsible for an increase in urea concentration at
each time t (Cg(t)), which is calculated as follows:
Gu t + Vu Co
Cg(t) Vu + bt
where b = the rate of change in body water (ml/min).
[Sal
Therefore, including the effect of urea generation in the
model, equations [5a] and [5b] become:
Rl(t) = Re [i — EXP (— x
Vu
+ Rg(t)
Vi V2 11
[6a]
R2(t) = Re 1 + EXP —x Vu + Rg(t) [6b}
V2 V1V2
where Rg(t) expresses Cg(t) in terms of percentage increase
versus Co.
Glossary
b Rate of change in body water (mI/mm), estimated from
[3] changes in body weight.
C Urea concentration (mg/mI). Cl, C2: concentration in
pool 1 and 2 in the two pool model. Ci, Co: pre-dialysis
and end-dialysis concentrations. Ce: concentration at
equilibrium between the two pools. C(t): concentration at
time t after the end of dialysis. Cd: dialysate concentra-
tion.
Gu Urea generation rate (mg/mm). Gi, G2: urea generation
rate in pool 1 and 2 in the two pool model.
K Urea clearance (ml/min). Kd: dialyzer clearance. Kr:
residual renal clearance.
pcr net rate of protein catabolism relative to normalized body
weight (g/kg/day).
R Post-dialysis urea rebound (%). R(t): rebound at each
time t after the end of dialysis. Re: stabilized rebound.
t Time intervals (mm). td: length of dialysis. tid: length of
the inter-dialytic interval.
X Transcellular mass transfer coefficient for urea (mi/mm).
Vu Urea distribution volume (ml), approximating the total
body water. Vi, V2: volume of compartment i and 2 in
the two pool model. Vd: dialysate volume.
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